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CLOSED LOOP FAN CONTROL USING FAN FEEDBACK 

TECHNICAL FIELD 

The present invention relates to a method of controlling an internal 
combustion engme including a variable speed fan. 

3 BACKGROUND ART 

In the control of heavy duty internal combustion engines, the 
conventional practice utilizes electronic control units having volatile and non-volatile 
memory^ input and output driver circuitry, and a processor that executes instructions 
to control the engine and its various systems and sub-systems. A particular 

10 electronic control imit cormnunicates with numerous sensors, actuators* and other 
electronic control units to control various functions » which may include various 
aspects of field delivery, transmission control, and many others. When the engine 
includes a variable speed fan, the electronic control unit operates the fan in 
accordance with received fian request signals. Typically, although variable speed 

15 fians have been used with internal combustion engines, the control schemes utilized 
to control the variable speed fans have been srn^Ie and quite conservative to reduce 
the possibility of accidental overheating and engine component failure. 

However, the heavy duty engine business is extremely competitive. 
Increased demands are being placed on engme manufacturers to design and build 

20 engmes that provide better engine performance, improved reliability, and greater 
durability while meeting more stringent emission and noise requirements. Along 
with all of these, perhaps the greatest customer demand is tti provide engines that are 
more fiiel efficient. Demands for fuel efficiency are becoming so great, that all 
engine driven systems in the vehicle are bemg scmtinized in attempts to reduce 

25 power consumption when possible. 
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For the foregoing reasons, there is a need for an improved method of 
controlling an internal combustion engine including a variaible speed fan in which the 
variable speed fan is aggressively controlled to improve vehicle fuel efficiency, 

DISCLOSURE OF INVENTION 

5 It is, therefore, an object of the present invention to provide a method 

of controlling an internal combustion engine iismg closed loop control based on fan 
speed, with a steady state speed error being used to generate a diagnostic signal 
indicative of a fan failure mode when the steady state error falls outside of an 
acceptable error range. 

10 In carrying out the above object and other objects and features of the 

present invention, a method of controlling an internal combustion engine is provided. 
The engine includes a variable speed fan driven by a torque multiplying fen driver. 
The variable speed fan is driven in response to an applied fan request signal having 
a value between a predetermined maximum fian request value and a predetermined 

15 minimum fan request value. The engine is operable over an engine speed range 
between an idle speed and a fell speed. The method comprises determiniag at least 
one preliminary initial fan request signals . Each request signal has a value based on 
at least one engine condition and between the minimnm fen request value and the 
maximum fen request value. The method fertber comprises determining the applied 

20 fen request signal as the preliminary fen request signal having the greatest value, 
deterrnining a reference fan speed based on the appUed fan request signal, and 
monitoring the actual fen speed. An error signal is determined by comparing the 
reference fen speed to the actual fan speed. The fan is driven based on the error 
signal. In a preferred embodiment, the fen is driven based on the error signal, a 

25 proportional temi, and an integral term such that actual fen speed tracks the reference 
fen speed. 

In a preferred embodiment, the method further comprises determining 
a steady state error based on the error signal, and establishing an acceptable error 
range. The acceptable error range represents acceptable steady state error for the fen 
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dxiring normal fan operation. A diagnostic signal is generated, and indicates a fan 
fiEuliire mode when the steady state error falls outside of the acceptable range. 

In a preferred embodiment, establishing the acceptable error range 
further comprises establishing a positive error limit and establishing a negative error 
5 limit. A fan over speed failure mode occurs when the steady state error falls below 
the negative error hmit. A fan under speed failure mode occurs when the steady 
state error exceeds the positive error limit. 

Preferably, the method further comprises geoerating an alert signal to 
alert a vehicle operator of the fan failure mode, when the mode is present. Further, 
10 embodunents of the present invention are suitable for a variable speed fan of the 
hydraulically driven type wherein hydraulic oil is pumped by a pump to drive a 
hydraulic fan motor. 

Further, in carrying out the present invention, a computer readable 
storage medium having instructions stored thereon that are executable by a controller 

15 to perform a method of controlling an internal conibustion engine is provided. The 
engine includes a variable speed fan driven by a torque multiplying fan driver that 
is driven in response to an applied fan request signal having a value between a 
predetermined maximum fen request value and a predetermined minimum fan request 
value. The engine is operable over an engine speed range between an idle speed and 

20 a full speed. The medium further comprises instructions for determining at least one 
preliminary initial fan request signals, instructions for deternodning the applied fan 
request signal, instructions for determining a reference fan speed, instructions for 
monitoring the actual fan speed, and instructions for deternodning an error signal. 

The medium further comprises instructions for driving the fan based 
25 on the error signal. In a preferred embodiment, the fan is driven based on the error 
signal, a proportional term, and an integral term, and instructions for determining 
a steady state error based on the error signal. The mjedium, in a preferred 
embodiment, further comprises instructions for establishing an acceptable error 
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range, and instructions for generating a diagnostic signal indicative of a fan failnre 
mode when the steady state error falls outside of the acceptable range. 

In a preferred embodiment, the instructions for establishing the 
acceptable error range further comprise instmctions for establishing a positive error 
5 hinit and instructions for establishing a negative error 1^ A fan over speed fiiilure 
mode occurs when a steady state error falls below the negative error limit. A fan 
undei:q>eed Allure mode occurs when the steady state error exceeds the positive error 
Umit. Further, preferably, the medium further comprises instmctions for generating 
an alert signal to alert a vehicle operator of the fan. faUure mode, when present. 
10 Embodiments of the present invention are most suitable for a variable speed fan of 
the hydraulically driven type wherem hydraulic oil is pimped by a pump to drive a 
hydraulic fan motor, but may be suitable for other variable speed fan types. 

The advantages associated with embodiments of the present invention 
are nuroerous. For example, methods of the present invention provide closed loop 

15 feedback using fan speed to enhance diagnostic capabilities. The following fan 
failure modes may be determined by conq)artng the desired or reference fan speed 
to the actual fan speed over a period of time. First, an over speed fan failure that 
results in the fan running continuously at higher speeds resulting in reduced fuel 
economy and reduced engine durability may be detected. This failure condition is 

20 determined if the actual fan speed remains at some value above the desired fian speed 
for a substantial period of time. A second fan failure mode that may be detected is 
a major fan failure wherein the &n stops or runs at reduced speeds for an extended 
period of time. When a major fan failure is detected, it may be desirable to stop the 
engine or reduce enghie fueUng to prevent engine overheating. The major fan failure 

25 is detected when there is a significant reduction in actual fian speed without a similar 
reduction in requested fan speed. Preferably, a digital output is provided that may 
be used to enable a light alerting an operator or technician that there is a problem 
with the fian system when a failure mode is present. 

The above object and other objects, features, and advantages of the 
30 present invention are readily apparent from the following detailed description of the 



wo 02/04793 



FCT/USOl/40880 



best mode for carrying out the inveotioii when taken into connection with the 
accompanying drawings. 

BRIEF DESCRIPTION OF DRAWINGS 

FIGURE 1 is a schematic diagram of an internal combustion engine 
5 and engine control system made in accordance with the present invention; 

FIGURE 2 is a block diagram illustrating a feedback control system, 
based on &n speed, of the present invention; and 

FIGURE 3 is a block diagram illustrating a method of the present 

invention. 

10 BEST MODE FOR CARRYING OUT THE INVENTION 

With reference to Figure 1, an internal combustion engine and 
associated control systems and subsystems are generally indicated at 10. System 10 
includes an engine 12 having a pluraUty of cylinders, each fed by fiiel injectors 14. 
hi a preferred embodiment, engine 12 is a compression-ignition internal combustion 
15 engine, such as a heavy duty diesel fiiel engine. Injectors 14 receive pressurized fuel 
from a fuel supply in a known manner. 

System 10 also includes a vehicle transmission 16 and a fan system 18. 
Fan system 1 8, and the various embodiments of the present invention, may suitably 
be implemented as an electrically driven fan system, a hydraulically driven fan 

20 system, or a direct drive system with a variable fan clutch. It is appreciated that 
.some embodiments of the present invention are most suited for a hydraulically driven 
fan system, but some embodiments may be used alternatively with other types of fan 
systems. Sensors 20 are in electrical communication with a controller 22 via input 
ports 24. Controller 22 preferably includes a microprocessor 26 in communication 

25 with various computer readable storage media 28 via data and control bus 30. 
Computer readable storage media 28 may include any of a number of kaown devices 
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which function as read only nijemory 32, random access memory 34, and non-volatile 
random access memoiy 36. 

Computer readable storage media 28 have faistnictions stored thereon 
that are executable by controller 22 to perform methods of controlling the internal 
5 combustion engme, including variable speed fan system 18. The program 
instructions direct controller 22 to control the various systems and subsystems of the 
vehicle, with the instructions bemg executed by microprocessor 26, and optionally, 
instructions may also be executed by any number of logic units 50. Input ports 24 
receive signals from sensors 20, and controller 22 generates signals at output ports 
10 38 that are directed to the various vehicle components. The signals may be provided 
to a display device 40 which includes various indicators such as lights 42 to 
communicate information relative to system operation to the operator of the vehicle. 

A data, diagnostics, and progranmiing interface 44 may also be 
selectively comiected to controller 22 via a plug 46 to exchange various information 
15 therebetween. Interface 44 may be used to change values within the computer 
readable storage media 28, such as configuration settings, calibration variables, 
temperature Ihresholds for variable speed fan control, and others, 

Jn operation, controller 22 receives signals from sensors 20 and 
executes control logic embedded in hardware and/or software to control the engine, 

20 including controlling variable speed fan. system 18. In a preferred embodiment, 
controller 22 is the DDEC controller available from Detroit Diesel Corporation, 
Detroit, Michigan. Various other features of this controller are described in detail 
in a number of different U.S. patents assigned to Detroit Diesel Corporation. In 
particular, fan system 18 is controlled by an applied fan request signal 21 that 

25 commands the fan system. The applied fan request signal is generated by controller 
22 based on any number of different factors such as various teo^eratures at different 
parts of the engine. Further, in accordance with the present invention, controller 22 
processes a plurality of initial fan request signals using various techniques of the 
present invention to arrive at the final applied fian request signal that is sent to fan 

30 system 18. Further, in some implementations, additional information may also be 
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supplied to fan system 18 as indicated by dashed line 19. The additional information 
such as, for example, an engine compartment tenq>e]:atm:e at a predetemnned engine 
compartmient hot spot, may be provided to fan system 18, such that fan system 18 
may modify fan operation without strictly controlling the fan in accordance with the 
5 applied fan request 21 . For example, fen system 18 may effect special control of the 
fan system, for example, during a cold engine start up as determined by a 
temp^ature at input 19. 

As is appreciated by one of ordinary skill in the art, control logic may 
be implemented in hardware, firmware, software, or combinations thereof. Further, 
10 control logic may be executed by controller 22, in addition to by any of the various 
systems and subsystems of the vehicle cooperating with controller 22. Further, 
although in a preferred embodiment, controller 22 includes microprocessor 26, any 
of a number of loiown programming and processhig techniques or strategy may be 
used to control an ecgiiie in accordance with the present invention* 

15 Further, it is to be appreciated that the engine controller may receive 

information in a variety of ways. For example, transmission information could be 
received over a data link, at a digital input or at a sensor input of the engine 
controller. Continuing with the transmission information example, transmission 
parameters such as transmission oil sump temperature, transmission retarder status, 

20 ete, , may be received over a digital communication data link. The data link could 
be in accordance with a Society of Automotive Engiueers (SAE) protocol, such as 
SAE J1587 or SAE J1939. 

When a digital input to the engine controller is used to receive 
iufomiation, a twisted pair could be hard wired to the engine controller digital input, 

25 from the transmission. The digital ii^)ut could then be left open (high) or pulled to 
ground to indicate information such as transmission retarder status as active or 
inactive, respectively. In another digital input example, a temperature switch could 
be hard wired to the digital impact such that open indicates a temperature above a 
threshold while closed (pulled to ground) indicates a normal temperature (below the 

30 threshold). 
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And further, in the example, a sensor such as a sensor with an analog 
output could be wired to a sensor input of the engine controller. Further, it is 
appreciated that transnoission information is an example, and the above techniques 
and others may be employed to provide other types of information to the engine 
5 controller. 

With refermce to Figure 2, a block diagram iUustratiiig a feedback 
control system for controlling a variable speed fan in an internal conibustion engme 
is generally indicated at 60. Emhodunents of the present invention are well-suited 
for compression-ignition type engmes including a hydraulically driven fan wherein 

10 hydraulic oil is pumped by an engine driven pump to drive a hydraulic fan motor. 
Of course, it is appreciated that embodiments of the present invention may 
alternatively be used in other types of variable speed fian systems and other types of 
engine. Generally, the requested fan speed or reference fan speed 61 is determined 
by the engine controller and passed to the fan system. In determining reference fan 

15 speed 61 , the engine controller received a plurality of preliminary initial fan requests 
62, 64, 66, 68, and 70- Each preliminary initial fan request has a value based on at 
least one engine operating condition with the value falling between a minimum fan 
request value and a maximum fen request value. For example, a fen request may be 
based on engine air inlet temperature, while another fan request is based on engme 

20 coolant temperature, and still another fan request is based on engine oil temperatmre. 
Further, for example, there may be a fan request based on transmission retarder 
status » in addition to another fan request based on a manual request by the operator, 
and still another request based on an engine controller input received from the air 
conditioning freon compressor. And even further, there may be a fan request based 

25 on transmission oil temperature. That is, many different systems and subsystems of 
the vehicle may generate fan requests. At block 72, the applied fan request signal 
is the preliminary fan request signal having the greatest value (requesting the most 
cooling). By selecting the applied fan request as the largest preliminary initial fan 
request, adequate cooling will be provided to aU systems and subsystems requesting 

30 cooling. Reference f£m speed 61 is detennined by nmlt^Iy^ 

signal by a refierence value to result in a fan speed. That is, the fian requests need not 
be actual fan speeds. Reference fan speed 61 is passed to a summer 64 for 
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comparisoa to the current, or actual, fen speed 78. The output of summer 74 is a fen 
speed error signal 76. Control terms at block 82 are convolved with error signal 
input 76 to provide proportional and integral control of fan system 80, 
Proportional/integral control terms 82 are tuned sucb that the actual fan speed 78 
5 tracks the reference fen speed 61. At block 84, system control logic determines a 
steady state error based on Hie error signal. 

Control logic block 86 establishes an acceptable error range 
representing acceptable steady state error for the fan during normal fan operation. 
Diagnostic logic 88 processes signals received from steady state logic 84 and 
10 acceptable range logic 86 to generate a diagnostic signal indicative of a fan failure 
mode when the steady state error falls outside of the acceptable error range. 

In the pref^ed embodiment, a fan over speed failure mode occurs 
when the steady state error falls below a negative error limit, and a fen under speed 
failure mode occurs when the steady state exceeds a positive error limit. It is 

15 appreciated that the different signals in Figmre 2 may take many forms. For 
exair5)le, the driving signal for fen system 80 may be a pulse width modulated signal 
wherein the duty cycle is varied to drive the fan. Fxulher, for example, the 
preliminary fan request signals 62, 64, 66, 68, and 70 may be determined as the 
difference between an actual temperature and a reference temperature, multiplied by 

20 a constant. On the other hand, some of the preliminary fan requests may be based 
on things other than teoqperature, such as pressures, etc. 

In a suitable implementation, fan system 80 includes a variable speed 
fan driven by a torque multiplying driver. Torque multiplying driver means that the 
driver operates at constant power (discounting efficiency variation) over a range of 
25 operating points, ranging firom low torque and high speed, to high torque and low 
speed. In the present mvention, it is the torque multiplying driver that is controlled 
to, in turn, control the fan speed. That is, the torque multiplying driver is 
controlled based on the error signal. The torque multiplying driver may be 
implemented in any suitable feshion. For example, a variable displacement pump 
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may drive a fen motor. Smallex displacement would produce higher torque at a 
lower speed, while larger displacement would produce lower torque at higher speed. 

Similarly, voltage and current supplied to an electric motor could be 
varied to produce a torque multipljdng driver. Further, a gear reduction assembly 
S with selectable gear ratios may form a suitable torque multiplying driver, 

la the prior art, slip &n systems, have been used. In a slip system, 
a straight drive system (not variable speed) is supplied to a fan clutch, and the clutch 
slip is adjusted to prevent overspeeding the fan. At high engine speeds, power 
losses due to clutch slip are signUicant. 

10 In embodiments of the present invention, at higher engrne speeds, the 

torque multiplying driver may be controlled to prevent fan overspeeding , avoiding 
significant power losses associated with a slip system. Because the torque 
multiplying driver is a constant power output system, at times, there are system 
power losses. However, for the overall expected operating conditions for the 

15 engine, particularly a heavy duty truck engine, the torque multiplying driver is more 
efficient than the slip systems of the prior art. 

In Figure 3, a method of the present invention is generally indicated 
at 100. At block 102, preliminary initial fian requests are determined. A block 104, 
an applied fan request is determined based on the preliminary initial Ml request. For 
20 example, the applied £m request may be the preliminary initial fan request having the 
greatest value. At block 106, a reference fan speed is determined based on the 
applied fan request. That is, the fan request signals may need to be, for example, 
multiplied by a multiplier to produce a fan speed. 

At block 108, actual fan speed is monitored. At block 110, an error 
25 signal is determined by comparing the reference fan speed to the actual fan speed. 
At block 1 12, the fan system is driven based on an error signal, a proportional term, 
and an integral term. That is, the error signal produced by coniparing the reference 
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and actual signals is convolved with proportional and integral terms to provide a 
drive signal for the &n system. 

At block 114, steady state error is determined. At block 116, 
acceptable error range for the steady state error is established. At block 118, a 

5 diagnostic signal is generated based on the steady state error and the acceptable error 
range. That is, embodinients of the present invention monitor the steady state speed 
error to detect fan failure modes. For example, the fan over speed failure mode 
occurs when the fan operates continuously at higher speeds than the requested 
(reference) speed, resulting in reduced fuel economy and reduced enguie durability. 

10 On the other hand, a fan under speed failure occurs when the fan stops or operates 
at reduced speeds far a period of tune. That is, when there is a significant reduction 
in actual fan speed without a similar reduction in requested fan speed, a major under 
speed fan failure is determined. 

While embodiments of the invention have been illustrated and 
15 described, it is not intended that these embodiments illustrate and describe all 
possible forms of the invention. Rather, the words used ia the specification are 
words of description rather than Umitation, and it is understood that various changes 
may be made without departing from the spirit and scope of the invention. 
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WHAT IS CLAIMED IS: 

L A method of controlling an internal combustion engine, the 
engine including a variable speed £an driven by a torque multiplying fan driver, the 
variable speed flan being driven in response to an applied fan request signal liaving 
5 a value between a predetermined maximum fan request value and a predetennined 
miTiimnTn fan request value, the engme being operable over an engine speed range 
between an idle speed and a full speed, the method comprising: 

detemiining at least one preliminary initial fan request signal, each 
request signal having a value based on at least one engine condition and between the 
10 mininium fan request value and the maximum fan request value; 

determining the appUed fan request signal as the prelinunary fan 
request signal having the greatest value; 

determining a reference fan speed based on the applied fan request 

signal; 

15 momtoring the actual fan speed; 

determining an error signal by compadng the reference fan speed to 
the actual fan speed; 

driving the fan with the torque multiplying &n driver based on the 
error signal to control the fan. 

20 2, A method of controlling an internal combustion engine, the 

engine including a variable speed fan driven by a torque multiplying fan driver, the 
variable speed fan being driven in response to an applied fan request signal having 
a value between a predetermined maTciTnnm fan request value and a predetermined 
TTiiniTnum fan request value, the engme being operable over an engine speed range 

25 between an idle speed and a full speed, the method con^rising: 

detennining at least one preliminary initial fan request signal, each 
request signal having a value based on at least one engine condition and between the 
minimum fan request value and the maximum fan request value; 

determining the applied fan request signal as the preliminary fan 

30 request signal having the greatest value; 
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dete]izum2]g a ref^ence fan speed based on the applied fan request 

signal; 

monitormg the actual fan speed; 

detennimog an earor signal by comparing the reference fan speed to 
5 the actual fan speed; 

driving the fan with the torque multiplying fan driver based on the 
error signal, a proportional term and an integral term such that the actual fan speed 
tracks the reference fan speed; 

determining a steady state error based on the error signal; 
10 establishing an acceptable error range representing acceptable steady 

state error for the £an during normal fan operation; and 

generating a diagnostic signal indicative of a fan Mlure mode when 
the steady state error faUs outside of the acceptable error range. 

3- The method of claim 2 wherein establishing the acceptable 
15 error range further comprises: 

establishing a negative error limit wherein a fen overspeed failure 
mode occurs when the steady state error falls below the negative error limit; and 

estabUshicLg a positive error limit wherein a fan nnderspeed failure 
mode occurs when the steady state error exceeds the positive error limit. 



20 4, The method of claim 2 further comprising: 

generating an alert signal to alert a vehicle operator of the fan failure 
mode, when present. 

5. The method of claim 2 wherein the variable speed fan is a 
hydranlically driven fan wherein hydraulic oil is pumped by a pump to drive a 

25 hydraulic fan motor. 

6. A computer readable storage medium having instmctions 
stored thereon that are executable by a controller to perform a method of controlling 
an internal combustion engine, the engine uicluding a variable speed fan driven by 
a torque multiplying fan driver, the variable speed fan bemg driven in response to 
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an applied &ii request signal having a value between a pxedeljenmned TnaxiTniirn fan 
request value and a predetenninied minimmn fan request value, the engine being 
operable over an engine speed range between an idle speed and a fuU speed the 
medium farther comprising: 
5 instructions for detennining at least one prelinunary initial fan request 

signal, each request signal having a value based on at least one engine condition and 
having a value between the minimum fan request value and the maximum &n request 
value; 

ULStructions for detennining the applied fan request signal as the 
10 prelinunary &n request signal having the greatest value; 

instructioos for determining a reference fsai speed based on the applied 
fan request signal; 

instmctions for monitoring the actual fan speed; 
instructions for determining an error signal by comparing the 
15 refierence fen speed to the actual fan speed; 

instructions for driving the fan with the torque multiplying fan driver 
based on the error signal to control the fan. 

7. A conqputer readable storage medium having instructions 
stored thereon that are executable by a controller to perform a method of controlling 

20 an internal combustion engine, the engme including a variable speed fan driven by 
a torque multiplying fen driver, the variable speed fan being driven hi response to 
an applied fan request signal having a value between a predetermined maximum fan 
request value and a predetermined TniniTrmm fan request value, the engine being 
operable over an engine speed range between an idle speed and a fuU speed, the 

25 medium further comprising: 

instructions for detennining at least one prelimiuaiy initial fen request 
signal, each request signal having a value based on at least one engine condition and 
having a value between the minimum fan request value and the maximum fan request 
value; 

30 mstructions for detennining the applied fan request signal as the 

preliminary fan request signal having the greatest value; 
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jbostracdons for detenimmig a reference fan based on fhe applied fan 

request signal; 

instructions for monitoring the actual fan speed; 

iustructions for determining an error signal by comparmg the 
3 reference fan speed to the actual fan speed; 

mstructions for driving the fsax with the torque multiplying fian driver 
based on the error signal^ a proportional term and an integral term such that the 
actual fan speed tracks the reference fan speed; 

instructions for detemiining a steady state error based on the error 

10 signal; 

instructions for establishing an acceptable error range repiesentmg 
acceptable steady state error for the fan during normal fan operation; and 

instructions for generating a diagnostic signal indicative of a fan 
failure mode when the steady state error :^ls outside of the acceptable error range. 

15 8. The medium of claim 7 wherein the instructions for 

establishing the acceptable error range further con^rise: 

instructions for establishing a negative error limit whereia a fan 
overspeed feilure mode occurs when the steady state error falls below fhe negative 
error limit; and 

20 instructions for establishing a positive error limit wherein a fan 

underfeed failure mode occurs when fhe steady state error exceeds fhe positive error 
limit. 



9. The medium of clahn 7 further comprising: 
instructions for generating an alert signal to alert a vehicle operator 

25 of the fan failure mode, when present. 

10. The noDedium of claim 7 wherein fhe variable speed fan is a 
hydrauUcally driven fian wherein hydraulic oil is pumped by a pump to drive a 
hydraulic fan motor. 
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